Establishing a bipolar spindle is an early event of mitosis or meiosis. In somatic cells, the bipolarity of the spindle is predetermined by the presence of two centrosomes in prophase. Interactions between the microtubules nucleated by centrosomes and the chromosomal kinetochores enable the formation of the spindle. Non-specific chromatin is sufficient, however, to promote spindle assembly in Xenopus Here, we examined spindle formation in chromosomefree mouse oocyte fragments. We found that a bipolar spindle can form in vivo in the absence of any chromatin due to the establishment of interactions between microtubule asters that are progressively stabilized by an increase in the number of microtubules involved, demonstrating that spindle formation is an intrinsic property of the microtubule network.
Results and discussion
We investigated the role of chromosomes in spindle formation by bisecting metaphase I (MI) and metaphase II (MII) oocytes and creating cytoplasts devoid of chromosomes. After bisection, oocyte fragments were cultured in M2 medium for 18 hours before fixation and immunofluorescent staining. Perfect bipolar spindles of different sizes were observed in some cytoplasts similar to the spindles present in nucleated halves (Figure 1a-d and Table 1 ; 25% in MI and 60% in MII). In some cases, we observed two or three bipolar spindles in a single cytoplast. All of these spindles were localized in the vicinity of the cortex. Many spindle-like structures were multipolar, however, (Figure 1e,f and Table 1 ; 54% in MI and 37% in MII). Thus, these findings suggest that a bipolar spindle may form without the involvement of chromosomes or chromatin, and that microtubule-microtubule interactions are sufficient to create a stable bipolar structure.
We then asked how bipolar and multipolar spindles formed. First, we attempted to observe these events using videomicroscopy after injection of an mRNA encoding a fusion protein comprising tubulin and green fluorescent protein (GFP). Our system was not sensitive enough to detect the early steps of spindle formation. This led us to use immunofluorescence and confocal microscopy. MII oocytes were cut and the organization of the microtubule network was studied 20 minutes, 1 hour and 2 hours after cutting ( Figure 2 ). Small asters consisting of few microtubules were observed within the cytoplasm 20 minutes after cutting (4.0 ± 1.4). Very few microtubules emanating from different MTOCs were interacting (Figure 2a,d ). The number of asters increased 1 hour after cutting (7.8 ± 2.4, p < 0.001). The nucleated microtubules were longer and more numerous. Many asters were connected by microtubule bundles (Figure 2b ,e). The number of asters decreased 2 hours after cutting (5.3 ± 2.3, p = 0.018), being similar to the number observed 18 hours after cutting (4.7 ± 2.0, p = 0.339; Figure 3 ). The most likely explanation is that some asters fused. The presence of very close and interpenetrating asters supports this idea (Figure 2c,f) . The geometry of the structures was similar to that observed 18 hours after cutting, with bipolar and multipolar structures present, although the interconnections appeared to be weaker.
To investigate the stability of the spindles, we used videomicroscopy to follow the distribution of tubulin-GFP. The structures were only visible once formed. Bipolar and multipolar spindles were stable structures (Figure 4a ,c). However, they were moving within the cytoplast in contrast to control spindles containing chromosomes (Figure 4b ). In the latter case, chromosomes interact with cortical microfilaments [5] and thus may stabilize the position of the spindle within the cortex of the oocyte. When numerous asters formed a multipolar structure (Figure 4d ), the asters were moving slowly and the resulting organization changed with time.
The factors required for spindle formation in the absence of chromosomes could be already dispersed in the oocyte cytoplasm. As the oocytes were incubated for about 10 minutes in cold medium before bisection to improve viability, however, these factors may be also released from the preexisting spindle. Moreover, preincubation of the oocytes for 1 hour in 10 µg/ml of the microtubule depolymerizing drug nocodazole before bisection gave similar results to oocytes bisected without preincubation in nocodazole (data not shown).
Taken together, these observations suggest that after bisection, MTOCs progressively nucleate microtubules that are able to interact with other microtubules. The probability for two asters to interact depends on their number, localization and motion within the cytoplast. Once set up, the interactions between asters are stabilized by an increase in the number of microtubules involved.
Sometimes, when asters become very close, they are able to fuse and form a single pole. Once formed, these structures are stable. In conclusion, the formation of spindles in the absence of chromosomes appears to be a random process. The formation of bipolar spindles rather than Table 1 Spindle-like structures in anucleated halves from mouse oocytes.
Bipolar spindles Multipolar structures n
Metaphase I 31 (25%) 67 (54%) 125
Metaphase II 36 (60%) 22 (37%) 60 Number of asters (± SD) multipolar spindles is probably favored because it is the simplest and more stable organization.
What is the role of the chromosomes in spindle formation? Chromatin clearly promotes microtubule assembly in its vicinity in Xenopus and mouse oocytes [5, 6] and in cell-free extracts [7] . In grasshopper spermatocytes, the displacement of the metaphase chromosomes induces the disassembly of the original spindle and the formation of a new spindle around the chromosomes [8] . This effect is also responsible for the asymmetric growth of the microtubules nucleated by the centrosomes, leading to the formation of 'half-spindles'. The setting up of bipolarity is favored by the presence of two kinetochores on the chromosomes facing in opposite directions. These processes play major roles in the physiological mechanisms involved in spindle formation. In mouse oocyte, however, single chromatids with a single kinetochore [9] do not interfere with the assembly of a perfectly bipolar spindle [10] . This shows that the formation of a bipolar, symmetric spindle is not impaired by an asymmetric organization of the chromosomes. Finally, our data demonstrate that microtubule-microtubule interactions are sufficient to promote formation of a bipolar spindle in the mouse oocyte cytoplasm.
Materials and methods

Collection and culture of oocytes
Immature oocytes arrested at prophase I of meiosis were obtained by removing the ovaries from 5-6 week old Swiss female mice into prewarmed (37°C) M2 medium supplemented with 4 mg/ml bovine serum albumin (M2+BSA). The ovarian follicles were punctured to release the enclosed oocytes, and immature oocytes displaying a germinal vesicle were collected. The oocytes were then cultured in M2+BSA under liquid paraffin oil at 37°C. Those oocytes that underwent germinal vesicle breakdown (GVBD) after 60-90 min in culture were cultured for collection at 6 h after GVBD. Mature oocytes arrested in metaphase II were recovered from mice superovulated by intraperitoneal injections of pregnant mare's gonadotrophin (PMSG; Intervet) and human chorionic gonadotrophin (hCG; Intervet) after a 48 h interval. Ovulated oocytes were released from the ampullae of oviducts 14-15 h after hCG infection.
Oocyte bisection
The zonae pellucidae were removed by treatment with 0.25% pronase (B grade, Calbiochem) in M2+BSA. The oocytes were preincubated in M2+BSA for 10 min at 4°C and bisected with a glass needle according to the method of Tarkowski [11] . Individual oocytes were bisected into two equivalent halves. After bisection, oocyte fragments were rinsed in M2+BSA, and cultured for 18 h in the same medium.
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Immunofluorescence
The fixation and labeling of oocytes were performed as described in de Pennart et al. [12] . The rat monoclonal antibody YL1/2 specific for tyrosinated α-tubulin [13] and a fluorescein-conjugated anti-rat antibody were used to visualize the microtubules. The chromatin was visualized using propidium iodide (Molecular Probes; 5 µg/ml in PBS). Samples were observed with a Leica TCS4D confocal microscope.
In vitro synthesis of β5-tubulin-GFP mRNA
The open-reading frame of the mRNA encoding β5-tubulin-GFP [14] was amplified by PCR using 5′-TGACGAATTCCAGTAAACCGTAGC-CATGAGGGAA and 3′-ATGCGCGGCCGCTTACTTACTTGTACAG-CTCGTCCA primers and then subcloned at the EcoRI-NotI sites of pRN3 (gift from J. Moreau). The pRN3 vector allows in vitro transcription of polyadenylated mRNA from a T3 promoter. The pRN3-β5-tubulin-GFP construct was linearized using SfiI and the 3′-overhang was further filled with T4 DNA polymerase. Transcripts were prepared in vitro using linearized plasmid with the mMessage mMachine kit (Ambion). The mRNA was then purified on RNeasy columns (Qiagen) and eluted in injection buffer (10 mM Tris, 0.1 mM EDTA, pH 7.4) at a final concentration of 0.5 µg/ml. Aliquots of 4 µl were then stored at -80°C.
Microinjection
The in vitro synthesized mRNAs were microinjected into the cytoplasm of oocytes, about 0.5 h after GVBD, using an Eppendorf pressure microinjector and sterile pipettes. The β5-tubulin-GFP mRNAs were expressed for at least 9 h before injected oocytes were bisected. The tubulin-GFP was visualized using a cooled charged-coupled device camera (Photometrics PH250) under a computer-controlled videomicroscope (Zeiss/Oncor).
